Uncontrolled hypertension is a significant problem in children with end stage kidney disease. We studied 10 children on chronic hemodialysis who received the endothelin-1 receptor antagonist, bosentan as adjunctive therapy in refractory systemic hypertension. Data were retrospectively analyzed on systolic (SBP) and diastolic blood pressure (DBP), antihypertensive medications and hospitalization days per patient per year, at baseline and 3 months after initiation of bosentan. The standard deviation (Z) score of BP for age, height and gender was calculated. Mean age and weight of these children were 11.4 ± 4.8 years (range 1 -17.5 years) and 32.9 ± 14.4 kg (range 7.4 -57 kg) respectively and 90% were African American. Seven were on hemodialysis ≥4 times weekly. The average inter-dialytic weight gain was 4.7% ± 1.8%. The pre-dialysis SBP and DBP Z scores were 4.9 ± 1.8 and 4.0 ± 1.0 at baseline and decreased to 1.3 ± 0.4 and 1.3 ± 0.8, 3 months after initiation of bosentan (p < 0.0001). Similarly, anti-hypertensive medications were decreased from 5 ± 1.5 to 2.1 ± 2.6 (p < 0.01). Hospitalization days decreased from 35.6 ± 52.4 days to 1.5 ± 3.3 days (p < 0.0001). This preliminary report indicates bosentan may be beneficial in the management of children with severe refractory hypertension.
Introduction
Hypertension is a significant problem in children with end stage kidney disease (ESKD) [1] - [3] . Uncontrolled hypertension is an important risk factor for cardiovascular disease [4] - [6] . African American race, young age, primary diagnosis of acquired kidney disease and chronic hemodialysis are some risk factors for severe hypertension in this population [7] . Nephrectomy is sometimes considered in patients with severe refractory hypertension of renal origin, and this should result in control of blood pressure (BP), if fluid and sodium intake are controlled [8] . However, hypertension may persist after nephrectomy (renoprival hypertension) despite control of volume and sodium intake, and multiple anti-hypertensive medications are required [9] .
Angiotensin II receptor type 1 (AT1) receptors are ubiquitously expressed in the body. A proposed mechanism of hypertension in ESKD is, the peripheral vascular and possibly central nervous system effects of Angiotensin II, potentiating the mitogenic action of endothelin-1 (ET-1) resulting in smooth muscle hypertrophy [10] - [12] . Bosentan is an ET-1 receptor blocker which has been used in clinical trials in adults for treatment of systemic hypertension, but has not been studied in children with systemic hypertension [13] . Based on its potential to lower blood pressure, it was used as adjunctive therapy in a few of our patients with severe hypertension and ESKD who were refractory to multiple anti-hypertensive medications, despite adequate fluid removal by dialysis and bilateral nephrectomy in some of them. These were children who had considerable morbidity from their hypertension including seizures, cardiac failure, stroke and prolonged hospitalization in the intensive care unit. The objective of this study was to determine the effectiveness of the ET-1 receptor blocker, bosentan, in the management of refractory systemic hypertension in our small case series of children with ESKD.
Methods
A retrospective analysis was performed in 10 children with ESKD, less than 21 years of age with severe refractory hypertension and treated with the endothelin-1 receptor blocker, bosentan at the University of Miami/Holtz Children's Hospital from June 2003 to June 2011. The study was approved by the Institutional Review Board with waiver of consent authorization. All subjects were assured anonymity in compliance with the Health Insurance Portability and Accountability Act (HIPAA). Baseline data included demographics, anthropometrics, age at initiation of dialysis, cause of ESKD, anti-hypertensive treatment, number of dialysis sessions per week, hospitalizations for complications of hypertension and history of nephrectomy. Selected diagnostic parameters such as calcium, phosphorous, intact parathyroid hormone (PTH) and echocardiographic results were collected. Data on pre and post-dialysis sitting measurements of BP at the third or fourth dialysis session of the week, estimated dry weight and inter-dialytic weight gain were obtained. The criteria for determining dry weight included the lowest weight each patient could tolerate without developing symptoms of excessive fluid removal such as hypotension or cramps, taking into consideration changes in patient's nutritional status [14] . Percent fluid weight gain was determined by taking the average of 3 inter-dialytic weight gain measurements and expressing this as a percentage of the estimated dry weight.
Pre and post dialysis sitting BP measured by the oscillometric method were used for this study. Pre-dialysis BP measurements were obtained prior to initiation of dialysis and post-dialysis measurements were obtained 5 -10 minutes after the patient's blood was returned. Mean of three BP measurements were obtained on each patient prior to, and at 1 and 3 months after initiation of bosentan. The third or fourth dialysis session was chosen to minimize the effect of excessive weight gain associated with longer inter-dialytic periods. The standard deviation or Z score was calculated by subtracting the expected (50th percentile) BP for age, gender and height from the actual BP and dividing it by the standard deviation. Hypertension was defined as average systolic (SBP) and diastolic blood pressure (DBP) >95th percentile for age, gender and height [15] . Stage 2 hypertension was defined as SBP and DBP that is 5 mmHg above the 99th percentile for age, gender and height [15] . Severe hypertension was defined as BP which was 20 mmHg above the 95th percentile [16] . Refractory hypertension was defined as uncontrolled severe hypertension, despite adequate fluid removal and treatment with 3 or more antihypertensive medications. Children who fulfilled these criteria and in whom Bosentan was used as adjunctive therapy were included in this analysis. Bosentan was not considered in children with hypertension controlled by dialysis and standard anti-hypertensive medications, and were therefore excluded from this analysis.
The mean value of 3 measurements of calcium, phosphorous and intact PTH were obtained from the initial routine monthly hemodialysis laboratory studies. Secondary hyperparathyroidism was defined as an intact PTH >300 pg/ml [17] . Results of two-dimensional and M-mode echocardiograms performed using standard techniques, were recorded. Left ventricular mass index (LVMI) was determined by dividing the left ventricular mass (grams) by the patient's height (cm) 2.7 . Left ventricular hypertrophy (LVH) was defined as LVMI >95th percentile for height age and gender [18] .
The dose of bosentan was 62.5 mg twice daily for patients weighing >30 kg, 31.25 mg twice daily for those 10 -30 kg, and 15.6 mg twice daily for the infant weighing <10 kg. Dosing was based on the experience in children with pulmonary hypertension [19] . Results of liver enzyme studies were recorded at baseline and every month during therapy.
The primary outcomes of interest were determination of magnitude of decline in systolic and diastolic BP Z scores from baseline to 1 month and 3 months after initiation of therapy with bosentan. Secondary outcome measures were hospitalization days and number of anti-hypertensive drugs used.
Statistical Analysis
Descriptive statistics were used to summarize data. Continuous variables were expressed as mean ± SD. Blood pressure was expressed as the Z score. Differences in pre and post dialysis SBP and DBP over time were analyzed by one way analysis of variance. The relationship between biochemical parameters and baseline blood pressures, and age and inter-dialytic weight gain were analyzed by linear regression. Differences in LVMI and hospitalization days at baseline, and after initiation of treatment were analyzed by student's t test. The Wilcoxon matched pairs test was used to compare the number of anti-hypertensive agents used at baseline and 3 months. p values of <0.05 were considered significant. All graphs and statistical analysis were performed using Graphpad® version 5 for windows (San Diego, California, USA. www.graphpad.com).
Results
Ten children with a mean age of 11.4 ± 4.8 years (range 1 -17.5 years) had severe refractory hypertension between the years June 2003 to June 2011. The majority (9/10) of those that required therapy were African American, 1 was Caucasian and 6 were males. The primary diagnosis was focal segmental glomerulosclerosis (FSGS) in 3, membranoproliferative glomerulonephritis (MPGN) in 1, Lupus nephritis in 2, failed transplant in 2, cystic kidney disease in 1, and kidney carcinoma in 1. Bilateral nephrectomy was performed in 5 of 10 children of whom 2 had FSGS, 1-MPGN, 1-kidney carcinoma and 1 had cystic kidney disease. Seven patients required hemodialysis ≥4 times weekly to achieve their estimated dry weight and to ensure that volume overload was not a contributing factor to refractory hypertension ( Table 1) . The average time on dialysis was 9.6 ± 6.9 months (range 0.5 to 20 months). Mean weight of the children was 32.9 ± 14.4 kg (range 7.4 -57 kg). Overall, the mean inter-dialytic percent weight gain was 4.7% ± 1.8% and was not significantly different from baseline and 3 months after initiation of bosentan with the exception of one child who consistently had high inter-dialytic weight gain ( Table 1) . Younger children had a greater increase in inter-dialytic percent weight gain in relation to their body size in comparison to older children (p < 0.003).
Mean Blood Pressure Z Scores
Prior to initiation of therapy with bosentan, the average Z scores of pre-dialysis SBP and DBP were 4.9 ± 1.8 and 4.0 ± 1.0 respectively. At baseline, fluid removal did have a significant effect on both SBP and DBP but post-dialysis SBP and DBP Z scores were still significantly elevated ( 3.8 ± 0.4 and 3.1 ± 0.2 respectively). Forty percent of this cohort had a paradoxical increase in BP during dialysis. Figure 1 (a) and Figure 1(b) demonstrate BP Z scores at baseline, 1 month and 3 months after initiation of therapy with bosentan. There was a significant decline in SBP and DBP Z scores at 1 and 3 months after therapy. There was a significant difference in pre and post-dialysis SBP at baseline (p < 0.01) but not at 1 and 3 months after initiation of bosentan. The value of pre and post dialysis SBP reached <90th percentile at 1 and 3 months from baseline and DBP reached 90 -95th percentile.
Laboratory and Echocardiographic Parameters
Initial mean calcium, phosphorous, and intact PTH were 9.3 ± 0.8 mg/dl, 5.6 ± 1.3 mg/dl and 427 ± 434 picogram/ml respectively. There was a significant correlation between baseline pre-dialysis SBP Z score and intact PTH (p < 0.02; Spearman R = 0.74). There were no significant changes in liver enzymes after the institution of Mean ± SD 11.4 ± 4.8 3.9 ± 0.9 3.2 ± 0.4 ♠ 4.7 ± 1.8 5.5 ± 2. treatment with bosentan. There was a downward trend in LVMI Z scores before (2.2 ± 0.9) and after treatment (1.4 ± 0.4) in 7 patients who had objective measurements of LVMI available. However, this was not statistically significant.
Anti-Hypertensive Drug Use and Hospitalization Rate
In 8 of 10 children, the average time for significant blood pressure control and decrease in number of antihypertensive agents including bosentan was 1.75 ± 0.9 months ( Table 1) . The average duration of therapy with Bosentan was 10 ± 7.7 months in these 8 children. However, there was difficulty decreasing anti-hypertensive agents in 2 children. Hypertension in one of these was attributed to high inter-dialytic weight gain ( Table 1) . Hospitalization days per patient per year for hypertensive crisis decreased from 35.6 ± 52.4 days (median-22.5) prior to initiation of bosentan to 1.5 ± 3.3 days (median-0) after initiation of treatment (p < 0.0001).
Discussion
Bosentan has been effectively used for treatment of pulmonary hypertension in children [19] . However, this is the first report of its use in systemic hypertension in children. Bosentan was considered as a last resort in these children with ESKD who suffered significant morbidity from refractory and severe hypertension despite increasing frequency of fluid removal and use of multiple anti-hypertensive medications. The addition of bosentan to the anti-hypertensive regimen resulted in a significant decline in blood pressure occurring over a 2 to 3 month period, ultimately enabling a reduction in the number of anti-hypertensive agents used, and significantly reducing the hospitalization days from hypertensive crisis. The beneficial effect of bosentan for essential hypertension was first described in adults [13] . Vascular smooth muscle hypertrophy and increased tissue expression of ET-1 has been demonstrated in human hypertension and in various animal models [20] - [23] . However, plasma endothelin levels are usually normal in hypertension, although relatively elevated in hypertensive African Americans [24] . Improvement in vascular smooth muscle cell hypertrophy and endothelial function has been noted after the use of ET-1 antagonists [25] [26] . This may be one of the hypothesized mechanisms for blood pressure improvement in these patients.
The prevalence of hypertension is as high as 74% in children on chronic hemodialysis and is uncontrolled even on anti-hypertensive treatment in the majority of this population [1] - [3] . In this study, younger children had a greater increase in percent fluid weight gain which may be partly related to their dependence on fluid nutrition and therefore required greater frequency of dialysis. One of the goals of dialysis is to achieve dry weight which is defined as the post-dialysis body weight that allows the pre-dialysis blood pressure to remain normal without the need for anti-hypertensive drugs [27] [28] . The ideal allowable increase in dry weight and the appropriate target BP in children with ESKD is not known. Furthermore, age related changes in body composition make clinical assessment of volume status difficult [29] . Despite achievement of ideal dry weight, some patients remain hypertensive and other mechanisms for hypertension have been proposed in this population [30] - [32] . Furthermore, endothelial alterations, vascular smooth muscle hypertrophy and calcification occur in patients on chronic hemodialysis which perpetuate hypertension and increase cardiovascular morbidity and mortality [30] [33]. Evidence of uremic arteriopathy has also been demonstrated in children with ESKD [34] [35] . However, large volume ultra-filtration during hemodialysis in a short period of time, results in diminished cardiac filling, and decreased tolerance for dialysis [36] . Therefore, there are wide fluctuations in BP in children with ESKD on hemodialysis, making it difficult to define acceptable limits. In this cohort, fluid removal did have a significant effect on both SBP and DBP before the institution of bosentan. However 1 and 3 months after institution of bosentan, there were no significant changes in SBP after fluid removal indicating better tolerance of dialysis with no major fluctuations in blood pressure during dialysis. The use of an ET-1 receptor antagonist may therefore help maintain steady blood pressure. In this study, there was a higher trend in post-dialysis DBPs at 3 months post-initiation of bosentan, which may be related to volume contraction and vasoconstriction from rapid fluid removal [28] .
Bosentan has been used in children with pulmonary hypertension and found to be efficacious and safe. In a large scale study involving 146 children, 2.7% of children <12 years had elevations in liver enzymes versus 7.8% of children >12 years [18] . This was reversible with dose modification or discontinuation of the drug. Therefore, liver enzymes have to be monitored in children receiving the drug. No specific side-effects were noted in our patients. The risk of pulmonary hypertension is significantly increased in ESKD and therefore treatment with bosentan could provide an added benefit in this population [37] .
Conclusion
In conclusion, this preliminary report in children with ESKD suggests that bosentan is beneficial in the management of children with severe refractory hypertension. It has the potential to decrease cardiovascular morbidity and mortality associated with severe hypertension. The limitation of this study is that it is retrospective and uncontrolled. Bosentan was used as an adjunctive therapy and its isolated effect could not be determined. However, there was significant improvement in BP after institution of bosentan in this cohort of children who were refractory to multiple interventions. Although bosentan has been used for treatment of pediatric pulmonary hypertension, it has never been used for management of severe systemic hypertension in children. The strength of this study is that it provides impetus to consider future multi-centered prospective trials to evaluate the effi-cacy and safety of bosentan in the management of refractory systemic hypertension in children.
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